A three-coordinate diketiminate-nickel(I) complex with a carbonyl ligand has been characterized using EPR and IR spectroscopies and X-ray crystallography. The T geometry (bending from the sterically favored C 2v structure) contrasts with that of isosteric d 9 copper(II) complexes. DFT calculations on a truncated model reproduce experimental geometries, implying that the geometric differences are electronic in nature. Analysis of the charge distribution in the complexes shows that the geometry of the threecoordinate d 9 complexes is affected by differential charge donation of the ligands to the metal center.
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Three-coordinate complexes of transition metals with partially filled d shells have received attention because of their unusual reactivity and electronic structure. 1 The predominant geometry in crystallographically characterized three-coordinate complexes is trigonal-planar, with the ligands symmetrically distributed to minimize steric effects. The main exception to this generalization is with low-spin d 8 systems, which clearly favor a T-shaped geometry. 2 In recent papers, we described the synthesis and electronic structure of a series of three-coordinate complexes with d 6 , d 7 , d 8 , and d 9 electronic configurations at the metal center.
3,4
A bulky -diketiminate ligand ("L") was used, and a sterically favored Y geometry was evident at the metal in each case. In the Y geometry, the nickel coordination environment is idealized C 2V , with the non-diketiminate ligand on both mirror planes. The d 9 example, L tBu Ni(THF) (Figure 1, left) , is notable because there are few examples of isolable three-coordinate nickel(I) complexes, 5 one series of three-coordinate copper(II) complexes, 6 and no threecoordinate d 9 complexes of heavier metals. Understanding of three-coordinate nickel(I) complexes is also biologically relevant because three-coordination is potentially accessible in the low-coordinate "proximal" nickel site of acetylcoenzyme A synthase (where methylcobalamin, CO, and coenzyme A are transformed into acetyl-coenzyme A). 7 Below, we use synthetic, crystallographic, and theoretical studies to show that the first three-coordinate nickel(I) carbonyl complex prefers a T geometry. We compare it to relevant nickel(I) and copper(II) complexes to arrive at new Because L tBu Ni(THF) and the isosteric d 9 complex L MeCuCl 6a have Y geometries, we expected a similar geometry for the carbonyl complex. However, the X-ray crystal structure shows that L Me Ni(CO) has a T geometry, with N-Ni-C angles of 104.6(1)°and 158.9(1)° (Figure 1 , right). The Ni(I) coordination geometry is planar (sum of bond angles ) 359.9(2)°; Ni lies 0.020(1) Å from the NNC plane). The strong trans influence of the carbonyl ligand gives a longer Ni-N bond distance trans to CO [1.917(2) vs 1.868-(2) Å]. Consistent with the relatively weak back-bonding inferred from IR spectroscopy, the C-O bond length of 1.142(3) Å is only slightly longer than that in free CO (1.128 Å). 9 The Ni-C distance of 1.770(3) Å is similar to fourcoordinate [PhTt tBu ]Ni(CO) [Ni-C ) 1.754(7) Å]. 10 To determine whether the T geometry arises from electronic effects, we queried the energy and geometry of L′Ni-(CO), in which L′ represents the truncated diketiminate N 2 C 3 H 5 , using density functional theory (DFT) at the ROB3LYP/CEP-31G(d) level. With the symmetry enforced as C 2V (Y geometry), the ground state is 2 B 2 . When the symmetry restriction is relaxed, geometry optimization gives a T ground-state geometry that is energetically favored by 7.5 kcal/mol versus the lowest energy Y-shaped geometry. The optimized geometry is in excellent agreement with the crystal structure ( Table 1) Analysis of the frontier molecular orbitals (Figure 3 ) for the Y and T geometries of L′Ni(CO) shows no evidence of a first-order Jahn-Teller effect. 13 Instead, the major driving force for the Y f T distortion is stabilization of a 2 and a 1 orbitals to form a′′ and a′ orbitals upon bending while maintaining approximate C s symmetry. 2,13,14 A natural bond order (NBO) analysis revealed that the atomic charge distribution is -0.6 for L′, +0.7 for Ni, and -0.1 for CO. The small charge on the CO ligand indicates that backbonding to the carbonyl is not very strong, as expected from the experimental C-O distance and C-O stretching frequency. The Ni atom has 8.8 net electrons in the d orbitals, in agreement with the formal d 9 configuration. T geometries have also been observed in some recently reported three-coordinate nickel(I) complexes supported by chelating bis-phosphine ligands or alkyl ligands. 5 Most notably, Warren has reported a diketiminate-nickel(I) lutidine complex with a T geometry like that shown here. 5h However, the diketiminate-copper(II) complexes L Me CuCl 6a and ClL Me CuCl 6c have Y geometries, despite the similar d 9 configuration and the seeming steric accessibility of a T geometry. To explore the reasons for this difference, L′CuCl was studied using the same level of DFT as that used for the study of L′Ni(CO). For the L′CuCl complex, the enforced Y geometry ( 2 B 2 electronic state) and optimized T geometry ( 2 A′ electronic state) are very close in energy, with the T geometry slightly favored by 1.6 kcal/mol. In the ground state, the distortion from the Y geometry is much less than that for L′Ni(CO): the N-Cu-Cl bond angles differ by only 13.6°for the ∼C s minimum compared to the N-Ni-CO bond angles, which differ by 56.5°.
NBO analysis shows that the charge distribution in L′CuCl is -0.5 for L, +1.2 for Cu, and -0.7 for Cl. The number of electrons in the Cu d orbitals is 9.3, which is considerably closer to a Cu(I) d 10 configuration than the 8.8 d electrons of the Ni complex, even though the transition metal in each complex is formally d 9 . This agrees with EPR and XAS measurements and calculations that indicate substantial charge transfer from diketiminate to copper(II) in L MeCuSR. 6c, 15 Because a d 10 configuration shows no ligand-fieldbased geometric preferences, it should favor the Y geometry. Thus, the NBO analysis suggests a simple model for understanding the difference between the nickel(I) and copper(II) complexes: d 9 systems inherently favor T geometry, but this tendency is lessened in higher-valent complexes, where substantial charge donation from the diketiminate ligand leads to increased d 10 character.
Interestingly, several literature -diketiminate-copper(II) complexes have more or less distorted Y geometries. 6 The N-Cu-X bond angles are summarized in Table 2 . The complexes containing OR ligands are closer to a T geometry than those with SR and Cl ligands. Steric factors certainly play a part in determining the geometries of complexes of bulky thiolate and aryloxide ligands. However, calculations indicate that an electronic effect is present as well. Geometry optimization of L′CuOH and L′CuSH gives a more substantial distortion in the former [∆(N-Cu-X) ) 16°(X ) OH); 0°(X ) SH)]. Calculated bond angle changes reflect the inherent electronic impetus for the Y to T distortion in the absence of steric effects, and the calculated ∆(N-Cu-X) trend is consistent with that observed experimentally. In the context of the above model, the difference may again be due to differential charge donation: NBO calculated charges on Cu are +1.2 for OH and Cl models and +1.0 for the thiolate model. Hence, the NBO analysis suggests that the thiolate ligand donates more charge density to copper(II) than the aryloxide ligand, giving a copper atom with greater d 10 character, resulting in a Y geometry.
In conclusion, we have isolated a nickel(I) carbonyl complex that displays a striking T geometry, which is ascribed to electronic effects. Literature copper(II) complexes do not show the same geometry except with very electronegative ligands, and we propose that the geometric differences can be explained through differential charge donation from the ligands to the metal. a Low-temperature structure given here; the space group changes at higher temperature. 6d
